The authors demonstrate superior crystal quality of a-plane GaN grown on r-plane sapphire substrate based on the flow modulation epitaxy ͑FME͒ technique, in which the Ga atom supply is alternatively switched on and off with continuous nitrogen supply. With the FME technique, a high growth rate of 2.3 m / h can still be achieved. With or without epitaxial lateral overgrowth ͑ELOG͒, either c-or m-mosaic condition is significantly improved in the samples of using FME. With ELOG, the surface roughness can be reduced from 1.58 to 0.647 nm in an area of 10ϫ 10 m 2 microns by using the FME technique. Based on the results of photoluminescence measurement, one can also conclude the better optical property of the FME-grown a-plane GaN thin films. Besides, it is shown that tensile strain is more relaxed in the FME samples. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2942391͔
In this letter, we demonstrate the improved quality of a-plane GaN thin film grown on r-plane sapphire substrate by MOCVD based on the technique of flow modulation epitaxy ͑FME͒. 16, 17 The FME technique means the alternative supply of III-or V-group sources. It can be used to improve the surface morphology and to grow a sharp doping profile. In the nonpolar III-nitride system, a-plane and m-plane AlN of high crystal quality grown on SiC substrate with FME, by alternatively switching on and off III-and V-group sources, have already been reported. 18 However, their growth rate was quite low ͑ϳ300 nm/ h͒. In our research, we alternatively switch on and off the Ga atom supply with continuous nitrogen supply. With the FME technique, our growth rate can reach 2.3 m / h. We combine the ELOG method with the FME technique to grow a-plane GaN of significantly improved quality on r-plane sapphire substrate.
In this study, we compare the crystal and optical properties of four samples, including samples C and M of 2 m a-plane GaN thin films grown with the conventional method and the FME technique, respectively, and samples CC and MM of 12 m a-plane GaN thin films overgrown on the same structures of samples C and M, respectively, through ELOG with the conventional method and the FME technique, respectively. In conventional growth, after a 20 nm low-temperature GaN buffer layer was deposited, the substrate temperature was ramped to 1100°C for the growth of 2 m GaN. V/III ratio was about 300 and the growth chamber pressure was 50 Torr. In FME growth, instead of continuous supply of TMGa, its valve was alternatively turned on and off during the high-temperature GaN growth. Both on and off durations of TMGa flow were 10 s. rated by windows of 5 m in width, were prepared for overgrowth. The stripe direction is perpendicular to the c axis. Figure 1 shows a scanning electron microscopy ͑SEM͒ image demonstrating the cross-sectional view of sample MM. Here, the dark thin stripes, right below the triangular holes, correspond to the SiO 2 masks. One can see that the coalescence overgrowth is incomplete until the overgrowth thickness reaches about 8 m. Along the c axis, the Ga-polar growth rate is higher than that of the N-polar structure. The formation of the triangular holes is attributed to the fact that in the Ga-polar wing, it is more difficult for Ga atoms to reach the bottom portion of the sidewall when compared with the top portion. Figure 2 shows the x-ray diffraction ͑XRD͒ measurement results of samples CC and MM along the m-and c-axis ͑indicated within the parentheses of the labels͒ for demonstrating the m-mosaic and c-mosaic properties, respectively. The data of the full widths at half maximum ͑FWHMs͒ of the XRD rocking curves ͑XRCs͒ of the four samples are shown in Table I . Here, one can see that in either conventional or FME growth, ELOG results in a significant reduction in m-mosaic XRC FWHM but an increase in that in c mosaic. The FME technique leads to reductions in both m-and c-mosaic XRC FWHMs, no matter if ELOG is used or not. Such reductions imply the better crystal qualities by using the FME technique in samples M and MM. In the c-mosaic XRCs, three features ͑indicated by arrows͒ can be observed, which originate from three x-ray coverage regions ͑Ga-polar wing, N-polar wing, and mask window͒. 19 From center to the left, the first, second, and third peaks correspond to the Ga-polar wing, the mask window, and the N-polar wing, respectively. Figure 3 shows two atomic force microscopy ͑AFM͒ images of samples MM ͑a͒ and CC ͑b͒. The c axis is indicated by the arrow in each part of the figure. The surface of sample MM is smoother than that of sample CC. The surface roughness values in an area of 10ϫ 10 m 2 of the four samples are listed in Table I . One can see that the use of either ELOG method or FME technique leads to a significant reduction in surface roughness. Figure 4 shows the photoluminescence ͑PL͒ spectra and relative intensities of samples CC and MM at room temperature and at 10 K ͑in the inset͒. The PL measurement was excited by a HeCd laser at 325 nm with its polarization along the m axis of the crystal. Both polarization components of PL output were simultaneously collected for analysis. Around 360 nm of GaN band edge, the PL intensity of sample MM is stronger than that of sample CC. Also, the yellow luminescence ͑due to vacancy defects͒ of sample MM is significantly weaker than that of sample CC, indicating the better optical quality of sample MM. The inset of Fig. 4 shows the detailed spectral features near the GaN band edge at 10 K. Here, the spectrum of sample MM consists of two major peaks. The higher-energy peak is related to the emissions of free and donor-bound excitons while the lower-energy peak originates from the emission of excitons bound to stacking faults. 20 The higher-energy peak ͑ϳ356 nm͒ here has a longer wavelength compared to the corresponding feature of 354 nm in un- strained GaN, 21 implying that a certain tensile strain exists in sample MM. The two major peaks in the PL spectrum of sample CC can be attributed to the same causes as the corresponding features of sample MM. The redshifts of the two peaks in sample CC with respect to those of sample MM indicate that tensile strain in sample CC is less relaxed. This result shows another advantage of using the FME technique in growing a-plane GaN. The minor peak of sample CC ͑around 355 nm͒ can be caused by the inhomogeneous distribution of strain relaxation in this sample.
For growing pit-free a-plane GaN, the V/III ratio needs to be reduced. 14, 15 Under the high-metal growth condition, nitrogen vacancies can be easily formed in the crystal such that further improvement of crystal quality is difficult. 22 In FME growth, during the period of switching off Ga supply, under the high-temperature condition, Ga atoms can further migrate to achieve better two-dimensional growth and hence smaller surface roughness. Also in this growth period, the continuous supply of nitrogen can reduce the nitrogen vacancy density, leading to a better-quality stoichiometry structure.
In summary, we have demonstrated the improved crystal quality of a-plane GaN grown on r-plane sapphire substrate based on the FME technique, in which the Ga atom supply was alternatively switched on and off with continuous nitrogen supply. With the FME technique, the growth rate could reach 2.3 m / h. With or without ELOG, either c-or m-mosaic property was significantly improved in the samples of FME, indicating the improved quality. With ELOG, the surface roughness could be reduced from 1.58 to 0.647 nm in an area of 10ϫ 10 m 2 by using the FME technique. From the results of PL measurement, one can also conclude the improved optical property of the FME-grown a-plane GaN thin films. Finally, it was also shown that tensile strain was more relaxed in the samples of using FME.
